In a number of studies during the last three decades it has been shown that various microbial species are able to stimulate the oxidation of Mn 2ϩ through direct catalysis. These organisms produce proteinaceous macromolecules which catalyze the oxidation reaction. Manganese oxidations by a soil Arthrobacter species (24) , Oceanospirillum and Vibrio strains (2, 3) , Pseudomonas putida MnB1 (22, 30) , Leptothrix discophora SS-1 (1, 11) , and marine Bacillus strain SG-1 (23) are examples in which enzymes are most likely involved in the process. P. putida MnB1 produces a soluble protein which catalytically oxidizes Mn 2ϩ in cell extracts (22) . Manganese-oxidizing proteins from L. discophora SS-1 (1, 11) and from the spore coats of Bacillus strain SG-1 (43) have been identified on polyacrylamide gels. The oxidizing proteins have not been quantitatively purified or analyzed so far. In Bacillus strain SG-1, an operon containing seven genes appears to be involved in Mn 2ϩ oxidation (46) . One of these genes encodes a 137-kDa protein related to the family of multicopper oxidases (47) . In a previous study we reported the isolation of a structural gene and its promoter postulated to be involved in Mn 2ϩ oxidation in L. discophora (19) . The encoded protein also contains the copperbinding signatures of multicopper oxidases. The oxidase-related proteins may represent Mn 2ϩ -oxidizing enzymes (44) , but evidence supporting this hypothesis is still lacking.
In this paper we describe a genetic analysis of Mn 2ϩ oxidation in a freshwater Pseudomonas strain, strain GB-1. In a previous study (32) this strain was preliminarily identified as a Pseudomonas fluorescens strain, but more recent data (see Materials and Methods) indicate that it should be identified as a P. putida strain. When supplied with Mn 2ϩ ions, the cells deposit manganese oxide around the outer membrane in the early stationary growth phase (32) . They form brown colonies on Mn 2ϩ -containing agar. Experiments performed with cell extracts indicated that Mn 2ϩ oxidation is catalyzed by a protein. The Mn 2ϩ -oxidizing factor was partially purified, and electrophoresis on an acrylamide gradient gel revealed oxidizing proteins with apparent molecular weights of ca. 250,000 and 180,000 (32) . An additional oxidizing factor with a lower molecular weight (ca. 130,000) was identified in another study by using different isolation and electrophoretic procedures (16) . It has been suggested that the Mn 2ϩ -oxidizing protein isolated is part of a larger complex which disintegrates into smaller fragments that retain activity (32) . The protein is supposed to be located in the outer membrane of the bacteria. It has not been chemically characterized, and nothing is known about its cellular function or about the possible involvement of other cellular components, such as electron carriers, in Mn 2ϩ oxidation.
We used transposon mutagenesis to identify genes relevant to the Mn 2ϩ -oxidizing process in P. putida GB-1. One of these genes appeared to be part of the cytochrome c maturation operon. Transposon insertion in this gene not only abolished Mn 2ϩ oxidation but also led to secretion of siderophores and porphyrins.
An accompanying report on the involvement of the cytochrome c maturation operon in Mn 2ϩ oxidation in P. putida MnB1 (14) supports our findings.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Pseudomonas strain GB-1 was kindly provided by K. H. Nealson (Jet Propulsion Laboratory, Pasadena, Calif.). Preliminary identification of this strain as a P. fluorescens strain (32) was based on sequence homology data for a short stretch of 16S ribosomal DNA. However, P. fluorescens strains are able to liquefy gelatin (13) and secrete lipase and protease (21) , activities which appeared not to be displayed by strain GB-1. More extensive 16S ribosomal DNA sequence analysis identified GB-1 as a P. putida strain (42a). Consequently, the strain is renamed P. putida GB-1.
P. putida GB-1 was routinely grown at room temperature in LD medium as described previously for L. discophora SS-1 (11 Generation of Tn5 mutants of P. putida GB-1. The selection markers used for transformation of P. putida GB-1 were resistance to tetracycline (25 g/ml) and resistance to kanamycin (50 g/ml). Like most pseudomonads, P. putida GB-1 is resistant to ampicillin; growth is observed at ampicillin concentrations up to 1 mg/ml. Growth is inhibited by streptomycin (100 g/ml). On streptomycin-containing media, streptomycin-resistant (Sm r ) colonies were spontaneously generated at a frequency of about 5 ϫ 10
Ϫ7
. One of these colonies (strain GB-1-002) was subcultured and used in experiments in which Sm r was an extra phenotypic marker. Cultures of P. putida GB-1-002 were transformed by electroporation by using standard procedures. Transposon mutants were generated by electroporation with plasmid pBR322::Tn5, which was obtained by insertion of Tn5 (29) at a random site in pBR322 (10) . This construct still conferred tetracycline resistance to E. coli. As pBR322 does not replicate in P. putida GB-1-002, the transposants were Tc s and Km r . As kanamycin, as well as tetracycline and streptomycin, appeared to inhibit Mn 2ϩ oxidation in cultures (and lysates) of actively oxidizing cells, the Km r transposants had to be screened for a nonoxidizing phenotype by replica plating them on media without antibiotics. Nonoxidizing strains were checked for retention of kanamycin resistance. The nonoxidizing mutants were designated GB-1-003 through GB-1-009. Preparation of cell lysates. Cell lysates were obtained by ultrasonication of a 50-fold-concentrated early-stationary-phase culture in 10 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid) buffer (pH 7.5) at 0°C for 5 min at 20-s intervals (Vibracell; Sonics & Materials Inc.) at maximum amplitude. For a quantitative assay of Mn 2ϩ oxidation the original volume was restored by suspending the lysate in HEPES buffer. For electrophoretic analysis the lysates were centrifuged at 15,000 ϫ g for 10 min, and the supernatants were mixed with an equal volume of 2ϫ Laemmli sample buffer. The samples were not heat denatured in order to allow detection of Mn 2ϩ -oxidizing activity. For spectrophotometric cytochrome analysis, lysates were prepared by passing 50-fold-concentrated cultures in 10 mM Tris buffer (pH 7.0) twice through a French pressure cell at 120 MPa. The lysates were clarified by centrifugation at 15,000 ϫ g for 40 min.
Analytical assays. Quantitative determination of Mn 2ϩ -oxidizing activity with the Leucoberbelin blue assay and analysis of the activity on polyacrylamide gels have been described previously (11, 32) .
The cytochrome c oxidase activity of whole cells was determined by streaking colonies from LD medium plates onto filter paper soaked in a 1% tetramethylp-phenylenediamine solution (12) . Differential spectra for reduced (with sodium dithionite) minus oxidized (with potassium ferricyanide) cytochromes in cell lysates were recorded with a Shimadzu model UV 2101PC double-beam spectrophotometer.
Secretion of siderophores by cells was detected on solid medium [LD medium without Fe(III), pH 7.0] supplemented with the ternary complex chrome azurol S-Fe(III)-hexamethylammonium bromide (CAS) (40) . Extraction of Fe(III) from this complex resulted in a color change from blue-green to orange. Siderophores were identified by optical spectroscopy with the Shimadzu spectrophotometer and by fluorescence spectroscopy with a model Spex 1681 fluorometer.
Secreted porphyrins (coproporphyrin and protoporphyrin) were differentially extracted from ether extracts of culture media by using HCl solutions of increasing molarity as described by Tait (42) and were analyzed by optical spectroscopy.
Uptake of Fe by cells was measured in 250-ml cultures in LD medium. Samples (50 ml) were centrifuged, and the supernatants were acidified with HNO 3 . The cell pellets were washed once with 25 mM HCl, resuspended in 10 ml of 0.5 M HNO 3 , and heated at 120°C for 20 min. Particulate material was removed by filtration with glass fiber filters (type GFC; Schleicher and Schuell). The Fe contents of culture supernatants, HCl washes, and cell extracts were determined with a Perkin-Elmer model 3100 atomic absorption spectrometer.
DNA isolation. Genomic DNA was isolated from P. putida GB-1-002 and was purified as described previously for L. discophora and Sphaerotilus natans genomic DNA (17) .
Cloning of Tn5-containing fragments. Genomic DNA of Tn5 mutants were digested with EcoRI and BamHI. Tn5 contains a unique BamHI restriction site upstream of the kanamycin resistance gene and no EcoRI site. The EcoRIBamHI fragments of GB-1-004 through GB-1-007 and the EcoRI fragments of GB-1-003 and GB-1-008 were ligated into pUC19, transformed into E. coli DH5␣, and selected for kanamycin resistance. The resulting plasmids were designated pPLH4EB through pPLH7EB and pPLH3E and pPLH8E, respectively. Plasmid pPLH9EB represented the cloned EcoRI-BamHI fragment from the 18-kb Tn5-containing fragment of GB-1-009.
Construction of a genomic library in the cosmid vector pLAFR3. Genomic DNA of P. putida GB-1-002 was partially digested with Sau3A. Fragments that were 25 to 30 kb long, which were isolated from sucrose gradients (38) , were ligated into BamHI-digested pLAFR3 arms, packaged in vitro as described by Staskewicz et al. (41), and transduced into E. coli DH5␣. Transductants carrying a vector with an insert were selected on LB agar containing tetracycline (25 g/ml) and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 50 g/ml). A genomic library was constructed with 1,920 of the 7 ϫ 10 4 transductants obtained. The total length of the inserts (average insert length, 27.5 kb) in the library corresponds to about 10 times the length of the genome, which was estimated to be 4 to 5 Mb.
Southern blotting and colony screening. Southern blotting of genomic DNA digests of Tn5 mutants was performed by using standard methods and digoxigenin (DIG)-labelled pBR322::Tn5 as a probe.
The library was screened by using standard protocols (9) . Cells were transferred to a nylon membrane covering solid LB medium containing tetracycline (25 g/ml). Colonies were grown overnight, the cells were lysed, and the DNA were hybridized to DIG-labelled probes (see below). The DIG labels were visualized by using chemiluminescent or chromogenic detection (9) .
Complementation. Cosmid clones were mobilized from E. coli to nonoxidizing Tn5 mutants by triparental mating by using the helper strain E. coli HB101 harboring plasmid pRK2013 (25) . Mixtures (100 l) containing 10 8 donor cells, 10 8 recipient cells, and 10 8 helper cells were allowed to grow overnight on solid LB medium at 28°C. The cells were suspended in LD medium, plated onto solid LD medium containing tetracycline (25 g/ml), kanamycin (50 g/ml), streptomycin (100 g/ml), and ampicillin (50 g/ml), and incubated overnight at room temperature. Resistant colonies were screened for Mn 2ϩ oxidation by replica plating on solid LD medium without antibiotics (see above). Complemented mutants were found to retain their antibiotic resistance characteristics during growth on antibiotic-free media. One of the complementing plasmids (pPLH34) was used for further analysis.
DNA sequencing and analysis. A 6.7-kb EcoRI fragment from pPLH34 was subcloned in pLAFR3 in two orientations, resulting in pPLH37 and pPLH38. Deletions of pPLH38 were obtained by partial digestion with PstI. The resulting cosmids were designated pCYT01 through pCYT04 (Fig. 1) . The PstI fragments of pCYT02 and pCYT04 were cloned in pUC19 and (partially) sequenced by using the dideoxynucleotide chain termination method (39) .
The sites of Tn5 insertions in GB-1-004 through GB-1-007 and GB-1-009 were determined by performing a sequence analysis of pPLH4EB through pPLH7EB and pPLH9EB with a Tn5-specific primer (5Ј-CCGTTCAGGACGCTACTTG T-3Ј). This primer could not be used to analyze pPLH3E and pPLH8E. The insertion in GB-1-003 was localized by analyzing the EcoRI insert of pPLH3E with a primer (5Ј-AAGGCCCAGGCGACGATG-3Ј) based on the partial pCYT02 sequence.
Computer-assisted sequence analyses and homology searches were performed by using programs of the University of Wisconsin Genetics Computer Group (version 8.1).
RESULTS

Generation of nonoxidizing mutants.
Transposon mutagenesis of strain GB-1-002 with pBR322::Tn5 yielded 1,000 to 2,000 Km r colonies per g of plasmid DNA. Screening of the transposants for Mn 2ϩ -oxidizing activity resulted in seven white colonies out of a total of 11,000 Km r clones. The white colonies were subcultured and designated GB-1-003 through GB-1-009. Their growth rates in the logarithmic phase did not differ significantly from the growth rate of the parent strain, but the lag phases of some of the mutants (GB-1-003, GB-1-004, and GB-1-007) were longer than the lag phase of GB-1-002.
A nonoxidizing phenotype may result from inactivation of the Mn 2ϩ -oxidizing process (the oxidizing factor or an ancillary component) and also from inhibited secretion of the factor. Previously, we described a spontaneous white mutant of L. discophora SS-1 which was unable to secrete the Mn 2ϩ -oxidizing activity (18) . To screen for this type of mutant, suspensions of disrupted cells were assayed for Mn 2ϩ oxidation. In three lysates (GB-1-006, GB-1-008, and GB-1-009) the activity was at least partially recovered; the activities of GB-1-008 and GB-1-009 approached the activity of the parent cells (Table 1) . Lysates of GB-1-003, GB-1-004, and GB-1-005 did not oxidize Mn 2ϩ at all, and the GB-1-007 lysate had only a low level of activity (1% of the activity of the parent strain). The absolute values for Mn 2ϩ oxidation rates varied among different batches depending on the growth conditions (32) . The relative activities in one experiment as presented in Table 1 were reproducible within a 5% range.
At least two Mn 2ϩ -oxidizing factors were previously identified in lysates of P. putida GB-1 by electrophoretic analysis (16) . These factors were also detected in lysates of GB-1-002 and in lysates of GB-1-006, GB-1-008, and GB-1-009 but not in lysates of the other mutant strains (Table 1) . These data suggest that Mn 2ϩ oxidation in P. putida GB-1 is (at least partially) mediated by these factors, since they could not be detected in strains in which the oxidizing activity was (almost) completely abolished.
The genomic DNA of the Tn5 mutants were completely digested with EcoRI, which has no sites in Tn5, and the digests were analyzed on Southern blots by using pBR322::Tn5 as a probe (Fig. 2) . Strains GB-1-003 through GB-1-008 each contained a single hybridizing fragment, which varied in length from 9.0 to 14.5 kb. Strain GB-1-009 contained two hybridizing fragments (9.0 and 18.0 kb), apparently resulting from a double Tn5 insertion. The Tn5-containing EcoRI fragments of GB-1-003 and GB-1-004 were of equal length (ca. 14 kb), and the hybridization patterns of EcoRI-BamHI double digests (Tn5 contains a unique BamHI restriction site) were similar (data not shown). The latter two mutants were obtained from independent transposition experiments. In GB-1-003 and GB-1-004 the transposon probably inserted in a narrow DNA region. The probe of plasmid pBR322, which was used as a control, gave no hybridization signal.
Preliminary identification of inserted genes.
The sites of Tn5 insertion in five of the seven mutants were preliminarily identified by performing a partial sequence analysis of the corresponding EcoRI-BamHI fragments with a Tn5-specific primer. Analysis of the fragments of strains GB-1-005 and GB-1-006 did not reveal significant similarities with protein sequences obtained from databases. One of the insertions in strain GB-1-009 appeared to be located in an xcpT homolog. The insert in pPLH9EB contained a 280-bp open reading frame with 60% similarity (45% identity) (on an amino acid basis) to xcpT of Pseudomonas aeruginosa (4). GB-1-007 contained the Tn5 insertion in a region with two stretches encoding copper binding signatures of multicopper oxidases (HPIHLHGM and HCHVIDHMETG [conserved residues are in boldface type]) (44) . Strain GB-1-004 appeared to be mutated in a gene homologous to ccmF of various microbial species (see below). Studies to conclusively analyze the mutations in GB-1-005 through GB-1-009 are under way, and the results will be reported elsewhere. Here we focused on the mutations in strains GB-1-003 and GB-1-004, which were postulated to be inserted in the same DNA region.
Complementation of the mutations in strains GB-1-003 and GB-1-004. The GB-1-002 library was screened with the DIGlabelled probes of pPLH3E and pPLH4EB. Ten positive clones were isolated, and all hybridized with both inserts. The corresponding pLAFR constructs, pPLH25 through pPLH34, were mobilized to the nonoxidizing mutants. Eight of these cosmids restored the Mn 2ϩ -oxidizing phenotype in GB-1-003, as well as in GB-1-004. None of the other mutants was complemented by pPLH25 through pPLH34.
Restriction analysis showed that six of the complementing cosmids contained the same 6.7-kb EcoRI fragment. This fragment was isolated from pPLH34 and cloned into pLAFR in two orientations, which yielded pPLH37 and pPLH38. Only pPLH38 (Fig. 1) conferred the Mn 2ϩ -oxidizing phenotype to GB-1-003 and GB-1-004, indicating that expression was initiated from the cosmid vector. By PstI deletion of pPLH38, subclones pCYT01 through pCYT04 were obtained; only two of these subclones, pCYT01 and pCYT02, were capable of complementation (Fig. 1) .
Analysis of the complementing insert. Sequence analysis of the pCYT02 insert resulted in identification of two partial open reading frames, one of which exhibited high degrees of homology to the ccmF genes of various microbial strains, including P. fluorescens strains and P. putida MnB1 ( Table 2 ). The ccmF gene was found to carry the Tn5 insertion in GB- a Cell extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were stained for Mn 2ϩ -oxidizing activity (11, 32) . b Streptomycin-resistant parent strain. Fig. 1) (see above) . This gene is part of the cytochrome c maturation operon (33, 45) . In this study we used the nomenclature for the ccm genes (ccmA through ccmI) proposed by Page et al. (33) . The partial CcmF protein of P. putida GB-1 contained the heme binding and/or ligation motif, which is conserved in all of the CcmF proteins analyzed so far (45) . Analogous to the organization of the cytochrome c maturation operon of, for instance, P. fluorescens ATCC 17400 (27) , a partial open reading frame was found downstream of the ccmF gene, and a preliminary sequence analysis of this partial open reading frame revealed 65% homology (on a nucleotide basis) to ccmH. The sequence determined was too short to allow detection of the motif LRCXXC, which is conserved in CcmH proteins. Sequence analysis of pCYT04 resulted in identification of ccmA, ccmB, and ccmC homologs upstream of the ccmF gene ( Fig. 1 and Table 2 ). The CcmA protein contained two conserved nucleotide binding sites (Walker motifs) (48) , and CcmB and CcmC both contained six putative membranespanning helices (data not shown) (45) . The region between helix III and helix IV of CcmC contained a conserved tryptophan-rich motif thought to be involved in heme binding (45) . The intergenomic region between ccmB and ccmC did not contain obvious transcription termination or promoter sequences.
1-004 (
As determined by restriction analysis of pPLH3E, the Tn5 insertion in GB-1-003 was preliminarily localized ca. 300 bp upstream of the GB-1-004 insertion (Fig. 1) . The exact site of Tn5 insertion in pPLH3E could be resolved by primer walking by using a primer based on the 5Ј sequence of the partial ccmF gene. In GB-1-003, the transposon appeared to be located in ccmF also.
Determination of c-type cytochromes. As the nonoxidizing mutants GB-1-003 and GB-1-004 appeared to be mutated in a gene involved in cytochrome c maturation, we compared their cytochrome oxidase activities (12) with those of the parent strain and the other mutants. Both GB-1-003 and GB-1-004 were cytochrome oxidase negative, whereas all other strains were cytochrome oxidase positive. Differential spectroscopy showed that the c-type cytochromes present in the parent strain (Fig. 3, line a) and in mutants GB-1-005 through GB-1-009 (data not shown) were absent in GB-1-003 and GB-1-004 (Fig. 3, lines b and c) . Complemented strains GB-1-003 and GB-1-004 had oxidase activity and contained c-type cytochromes (Fig. 3, line d) .
Other pleiotropic effects of the ccmF mutations. A number of recent studies have described mutations in the ccm operons of various microorganisms which resulted in defective siderophore synthesis or secretion (27, 34, 50) and/or accumulation or secretion of heme precursors (6, 28, 50) . We investigated whether P. putida mutants GB-1-003 and GB-1-004 displayed similar defects. Strains GB-1-003 and GB-1-004 did not appear to be defective in siderophore secretion. On LD agar plates containing CAS the colonies produced bright halos, in contrast to the parent strain or any of the other mutants, which secreted only minor amounts of siderophore (Fig. 4) . On LD medium without added Fe(III), GB-1-003 and GB-1-004 secreted green fluorescent pigments in the stationary growth phase, whereas the other strains hardly produced these substances. LD medium is not well-defined, since it contains yeast extract and a variety of trace elements. Moreover, all of the strains had low maximum densities (optical density at 660 nm, 0.3) due to the low nutrient concentration in LD medium. Apparently, none of the strains except both ccmF mutants experienced Fe limitation under the conditions used.
For identification and comparison of secreted siderophores, the cells were grown on CAA medium from which Fe(III) was omitted. All of the strains reached an optical density at 660 nm of 1.2 on this medium and secreted a green fluorescent pigment, which could be identified as pyoverdine on the basis of its spectroscopic properties. The absorption spectrum had a broad maximum at 409 nm, which shifted to lower values (ca. 400, 380, and 360 nm) upon acidification, as reported previously for pyoverdine of P. fluorescens (data not shown) (35) . Addition of Fe(III) resulted in a loss of fluorescence, and a shoulder at 450 nm appeared in the absorption spectrum. Fluorescence spectroscopy revealed an excitation maximum at 410 nm and a broad emission maximum around 475 nm (Fig. 5A) . These data are consistent with physicochemical parameters previously reported for pyoverdine (31) . We concluded that the parent strain and all of the mutant strains could secrete pyoverdine under iron-limiting conditions. Strains GB-1-003 and GB-1-004 secreted green fluorescent siderophores under conditions which repressed secretion in the other strains. In complemented GB-1-003 and GB-1-004 cultures siderophore secretion was also repressed under these conditions.
To investigate whether the deviant siderophore metabolism of GB-1-003 and GB-1-004 was due to defective Fe(III) uptake, we monitored the Fe concentrations in cells and culture media during growth on LD medium. Both mutant strains, as well as the parent strain, accumulated ca. 90% of the Fe from the medium within 3 days. The final cellular Fe contents in the three strains were the same, accounting for 60% of the total Fe added as far as could be determined by the extraction procedure used. The Fe was taken up and was not precipitated on or bound to the cell surface, since only 5 to 10% of the accumulated Fe could be removed by rinsing the cells with 25 mM HCl. Apparently, Fe uptake was not affected in the mutant strains.
The emission spectrum of the GB-1-003 culture supernatant shown in Fig. 5A revealed a small additional peak at 610 nm, which was absent in the spectrum of the parent strain. In contrast to all other strains, GB-1-003 and GB-1-004 also secreted a purple pigment in various amounts, depending on the growth phase and the culture media employed. Especially on CAA medium supplemented with Fe(III), the culture supernatants were intensely purple. The pigment was identified as a mixture of coproporphyrin and protoporphyrin by differential extraction of the culture media (42) and optical spectroscopy (Fig. 5B) . The secreted porphyrins were not capable of extracting Fe(III) from the ternary CAS complex used to screen for siderophore secretion. Complemented GB-1-003 and GB-1-004 did not secrete porphyrins into the medium. 
DISCUSSION
Mutations in the ccmF gene of the cytochrome c maturation (ccm) operon of the Mn 2ϩ -oxidizing organism P. putida GB-1 abolished cytochrome c production and Mn 2ϩ oxidation. The organization of the GB-1 ccm operon, as far as it was analyzed, was very similar to the organization of the ccm operons of P. fluorescens strains (27, 49) and P. putida MnB1 (14) . Homologs of the ccm genes (ccmA through ccmI) have been identified in a variety of bacterial species, and their characteristics and postulated functions have been reviewed recently (33, 45) . The CcmA, CcmB, and CcmC proteins are supposed to form an ABC transporter, which might be involved in the translocation of heme through the plasma membrane. CcmE, CcmF, CcmH, and CcmI are postulated to be subunits of a cytochrome c heme lyase involved in the covalent attachment of heme to apocytochrome c (49) . However, it has recently been proposed that CcmF functions as a transport protein, possibly, but not necessarily, for heme (33, 34) . CcmG is thought to function in reduction of the apocytochrome c heme binding site, possibly by interacting with CcmH. Both of these proteins contain the sequence CXXC, which is typical of the thioredoxin-protein disulfide isomerase family.
A genomic P. putida GB-1 DNA fragment containing, inter alia, the complete ccmF gene and the 5Ј end of the ccmH gene was found to restore cytochrome c production and Mn 2ϩ oxidation in the ccmF mutants. Although the partial sequence did not allow localization of ccmG on this fragment, ccmG should be located between ccmF and ccmH, as it is in the P. fluorescens operon. Assuming that Tn5 insertion in ccmF abolishes expression of the downstream genes of the ccm operon, we cannot decide whether the observed mutant phenotype resulted from the Tn5 insertion in ccmF itself or from a polar effect on ccmG (or possibly ccmH) expression. Transposon insertions in the ccmA, ccmE, and ccmF genes of P. putida MnB1 (14) also resulted in defective cytochrome c synthesis with a concomitant loss of Mn 2ϩ -oxidizing activity. All of these data indicate that Mn 2ϩ oxidation depends on an operational ccm operon that involves either a functional end product (c-type cytochromes) or a product of one of the genes in this cluster.
The first possibility mentioned above implies that cytochrome c is involved in electron transfer from Mn 2ϩ to oxygen, possibly as an intermediate in an electron transport chain involving a terminal cytochrome c oxidase. Such an involvement may explain the inhibition of Mn 2ϩ oxidation by NaN 3 (32) . Alternatively, c-type cytochromes may be part of an Mn 2ϩ -oxidizing complex. Such a complex may include an outer membrane, Cu-dependent oxidase. This suggestion is based on the results of preliminary analyses of some of the other P. putida GB-1 mutants. One of the secretion mutants (GB-1-009) appeared to be mutated in xcpT, which is supposed to encode a subunit of the outer membrane translocation pore involved in protein secretion (7) . This supports localization of the Mn 2ϩ -oxidizing factor in the outer membrane, as previously proposed (32) . The results of a partial sequence analysis of mutant GB-1-007, which revealed the presence of Cu binding sites in the gene product, suggest that a protein related to multicopper oxidases is required for Mn 2ϩ oxidation in P. putida GB-1. As enzymes with similar Cu binding sites were identified in Leptothrix (19) and Bacillus (47) species, involvement of this type of oxidase in Mn 2ϩ oxidation seems to be a general feature of Mn 2ϩ -oxidizing bacteria. The second possibility is illustrated by the results of a report of pleiotropic effects of ccm mutations in P. fluorescens 09906 (49) . Transposon insertions in most of the genes of the ccm cluster disrupted cytochrome c oxidase activity and copper resistance in this species. However, mutations localized in the 3Ј end of ccmI (formerly cycH) resulted in copper sensitivity but not in a loss of oxidase activity, suggesting that not cytochrome c but one of the ccm products is required for copper resistance. It was suggested that one or both of the thioredoxin-related proteins (CcmG and CcmH) are involved in copper metabolism and that their CXXC domains may interact with copper ions. A dual role for periplasmic thioredoxin-like proteins in cytochrome c maturation and copper metabolism has also been reported in E. coli (20, 26) . If the copper oxidaserelated protein of P. putida GB-1 were part of the Mn 2ϩ -oxidizing complex of this species, disturbance of the copper metabolism via (polar) mutations in the ccm cluster might result in inactivation of the oxidizing process.
Other pleiotropic effects of ccm mutations involve metabolism of iron. In P. fluorescens ATCC 17400, transposon insertion in ccmC (cytA) resulted in strongly decreased pyoverdine production in addition to defective cytochrome c assembly (27) . It has been suggested that CcmC has a function in the transport of pyoverdine in addition to heme translocation. Mutants of Rhizobium leguminosarum affected in ccmF (cycK) failed to make or export siderophores and also accumulated protoporphyrin, the immediate heme precursor, in the periplasm (50). Yeoman et al. (50) speculated that cells accumulating heme (precursors) at this site might sense an iron concentration higher than the true concentration, resulting in repression of siderophore biosynthesis. The ccmF mutants of P. putida GB-1 were able to synthesize and export pyoverdine when they were grown in iron-deficient CAA medium. On LD medium without added Fe(III) and LD medium containing CAS (both of which contain yeast extract, which supplies traces of available iron), the mutant strains did secrete siderophores, in contrast to the parent strain. Although we cannot completely exclude the possibility that a green fluorescent siderophore other than pyoverdine was produced under these circumstances, we propose that the ccmF mutants of P. putida GB-1 secreted pyoverdine under conditions which repressed production of the siderophore in the parent strain. These mutants secreted heme precursors into the medium. Secretion of overproduced heme precursors was also observed in ccmF (ccl1) and ccmABC (helABC) mutants of Rhodobacter capsulatus (6, 28) . We suggest that secretion of porphyrins, possibly complexing iron, acted as a signal of iron deficiency, which resulted in activation of the pyoverdine biosynthetic machinery. This may be supported by our preliminary observation that mutant cells grown on CAA medium not only secreted large amounts of porphyrins but also seemed to secrete the Fe which was taken up initially into the medium at a later growth stage (data not shown). This explanation implies that there is a correlation between the amounts of pyoverdine and porphyrins produced, which will be the subject of future experiments. It is also possible that one of the ccm products of P. putida GB-1 not only functions in cytochrome c maturation but plays an additional role in the regulation of pyoverdine production. A role for one of the ccm gene products in siderophore production has also been proposed for P. fluorescens (27) (see above) and Paracoccus denitrificans (34) .
